Abstract: Mg-Zn-Ca amorphous alloys are considered as potential bone implants. A large number of works have focused on the alloys under free corrosion environment. However, the real service environment of bone implants is a kind of chemistry-mechanics interactive environment in which the materials not only suffer corrosion by body fluids but also bear applied force induced by body movement. In order to imitate the real service environment, surface morphologies and mechanical properties of Mg-Zn-Ca amorphous alloys were studied under different chemistry-mechanics interactive environments in this paper. It was found that cracks and Ca/Mg phosphates formed on the surface of amorphous alloys. The compressive strength of the alloys decreased seriously but could still reach an acceptable value to avoid material failure. Fan-shaped patterns found on all the samples implied that brittle fracture was the main fracture form. Moreover, vein-like patterns could still be found in some areas, showing a locally plastic deformation. This was the reason why the alloy could maintain a high compressive strength after severe and interactive treatments. The study could guide related works in the establishment of experimental environments in the future, which will facilitate a more accurate biomedical evaluation of bone implants.
Introduction
Magnesium (Mg) alloys are regarded as potential orthopedic implants and bone repairing materials due to low density, proper elasticity, high strength-to-weight ratio, good biodegradability, and bioabsorbability [1] [2] [3] . This study focused on the popular Mg-Zn-Ca biomaterials [4, 5] containing safe and non-toxic component elements. Compared to traditional crystalline Mg-Zn-Ca alloys, Mg-Zn-Ca amorphous alloys exhibit a higher compressive strength and corrosion resistance for their uniform composition distribution and almost no crystal defects [4, 6] . Thus, the study of mechanical and corrosion properties of Mg-Zn-Ca amorphous alloys is very meaningful.
Recently, great attention has been paid by global researchers to the study of Mg-Zn-Ca-based amorphous alloys in different research point of views. Zheng et al. [7] carried out cytotoxicity tests on Mg-Zn-Ca amorphous alloys. The amorphous alloy showed better cytoactivity than the rolled pure Mg. Löffler et al. [8] restrained hydrogen evolution during animal implantation experiments, which promoted the exploitation of Mg-Zn-Ca amorphous alloys in biomedical applications. Durandurdu et al. [9] revealed atomic structures and mechanical properties of Mg-Zn-Ca amorphous alloys through the first principle method. Guo et al. [10] improved the mechanical and corrosion properties of Mg-Zn-Ca amorphous alloys by the introduction of porous NiTi shaped memory alloy particles. Moreover, the effects of element ratio and cooling rate [11] [12] [13] , as well as the effects of Mn, Sr, Ti, Si, Ag, Y, Yb, Nd, Cu, Fe, and Pd additives [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] on microstructure, mechanical properties, and corrosion resistance of Mg-Zn-Ca amorphous alloys were studied in detail.
It is worth noting that a free corrosion environment was adopted in nearly all the previous works. However, some experimental design defects existed in the reported studies. In fact, the real service environment of bone implant materials is a kind of chemistry-mechanics interactive environment in which the materials not only suffer corrosion by body fluids but also bear applied force induced by body movement. In order to imitate the real service environment of implant materials, the surface morphologies and mechanical properties of Mg-Zn-Ca amorphous alloys were studied under different chemistry-mechanics interactive environments in this paper. The work would be a useful supplement to the previous studies. In addition, relevant experimental conditions could guide the future works in this field, which will facilitate a more accurate biomedical evaluation of bone implant materials.
Materials and Methods

Materials Preparation
Mg 62.9 Zn 32.3 Ca 4.8 (at.%) amorphous alloys were fabricated by a process similar to that stated in our previous work [14] . Firstly, Mg 62.9 Zn 32.3 Ca 4.8 ingots were melted by high purity Mg ingot (99.99 wt.%), Zn ingot (99.99 wt.%), and Mg-30.5 wt.% Ca master alloys at 760 • C in a crucible electric resistance furnace (SG 2 -5-10A) under CO 2 /SF 6 mixed atmosphere. Secondly, the master alloys were remelted twice to obtain a homogenous microstructure. Thirdly, the ingots were remelted by induction melting and subsequently produced into metal rods (ϕ2 mm × 4 cm) by copper mold spray casting method. Finally, the amorphous samples were machined into the size of ϕ2 mm × 4 mm for further tests.
Chemistry-Mechanics Interactive Experiments
The experimental facility offering a chemistry-mechanics interactive environment is shown in Figure 1 . The samples were immersed in simulated body fluid (SBF) at 37 ± 1 • C and pressed by different pressures at the same time. The chemical composition of the SBF solution (g/L) [27] Table 1 . Particularly, different chemistry-mechanics interactive environments including free corrosion, constant pressure corrosion, intermittent pressure corrosion, and variable pressure corrosion were performed in this study. Figure 2a shows the surface SEM image of the original copper mold spray casted Mg62.9Zn32.3Ca4.8 alloys, indicating a uniform microstructure with no precipitated phase. Figure 2b shows the XRD result of the sample. It presents typical broad (diffuse-scattering) peaks. Both the SEM image and the XRD data demonstrate that the as-obtained Mg-Zn-Ca alloy was indeed an amorphous alloy. 
Results and Discussion
Microstructure and Mechanical Properties
The phase structure of the original sample was measured through XRD (D8, Bruker, Karlsruhe, Germany) with a Cu K α radiation. The surface morphologies of the samples before and after corrosion as well as fracture morphologies after compression tests were analyzed using SEM (JSM-IT300, JEOL, Tokyo, Japan) equipped with energy-dispersive spectroscopy (EDS). The surface characteristic of the amorphous alloy after variable pressure corrosion was measured by FTIR (Vertex 80V, Bruker, Karlsruhe, Germany). The compressive tests were conducted with an UTM5105X testing machine at room temperature. Figure 2a shows the surface SEM image of the original copper mold spray casted Mg 62.9 Zn 32.3 Ca 4.8 alloys, indicating a uniform microstructure with no precipitated phase. Figure 2b shows the XRD result of the sample. It presents typical broad (diffuse-scattering) peaks. Both the SEM image and the XRD data demonstrate that the as-obtained Mg-Zn-Ca alloy was indeed an amorphous alloy. Figure 2a shows the surface SEM image of the original copper mold spray casted Mg62.9Zn32.3Ca4.8 alloys, indicating a uniform microstructure with no precipitated phase. Figure 2b shows the XRD result of the sample. It presents typical broad (diffuse-scattering) peaks. Both the SEM image and the XRD data demonstrate that the as-obtained Mg-Zn-Ca alloy was indeed an amorphous alloy. [28, 29] formed on the sample surface. When the pressure was increased to 90 MPa (Figure 3e ), the crack grew and spread. Mg(OH) 2 microwires could also be found in this situation. A magnified image revealed that the microwire presented a screw thread shape with a diameter of 300~400 nm. When the pressure was further increased to 150 MPa (Figure 3b ), a large number of secondary cracks appeared beside the primary crack. In the meantime, Ca/Mg phosphates in the form of particle clusters were generated on the sample surfaces. Figure 3f displays the EDS results of areas A, B, and C in Figure 3a -c, respectively. It was found that the three areas mainly contained five elements including Mg, Zn, Ca, O, and P. With the extension of corrosion time, the proportion of O and P increased gradually, indicating the content of Ca/Mg phosphates enhanced. This result was in accord with the variation trend in surface coverage rate of Ca/Mg phosphates observed by SEM images. Calcium phosphates, regarded as potential precursors of hydroxyapatites, were found to be effective for bone induction. In addition, hydroxyapatite possesses good biocompatibility, bioactivity, and bone growth guidance effects, which is chemically and structurally similar to the inorganic components of bone. That suggests Mg-Zn-Ca amorphous alloys possess excellent biocompatibility under interactive environments when applied as orthopedic implants. The above analysis shows that when the corrosion time is prolonged (constant pressure) or the pressure is increased (constant time), the cracks increase, spread, and deepen gradually. Under a relatively small pressure, only Mg(OH) 2 microwires can be formed, while under a higher pressure, the nucleation and growth of Ca/Mg phosphates can be promoted. The relevant formation mechanism is worthy of investigation in future works.
Results and Discussion
suggests Mg-Zn-Ca amorphous alloys possess excellent biocompatibility under interactive environments when applied as orthopedic implants. The above analysis shows that when the corrosion time is prolonged (constant pressure) or the pressure is increased (constant time), the cracks increase, spread, and deepen gradually. Under a relatively small pressure, only Mg(OH)2 microwires can be formed, while under a higher pressure, the nucleation and growth of Ca/Mg phosphates can be promoted. The relevant formation mechanism is worthy of investigation in future works. , there were some pits and a few Mg(OH) 2 microwires on the sample surface without any cracks, demonstrating a low damage degree of the sample. After the intermittent pressure corrosion (Figure 4c,d) , apparent cracks could be seen on the sample surface. A step was formed, as shown in Figure 4d , in this situation. Meanwhile, a certain amount of Ca/Mg phosphates particles were generated on the sample surfaces. After the variable pressure corrosion, deeper cracks and a mass of Ca/Mg phosphates microspheres formed. Thereout, the surface of the samples changed greatly under chemistry-mechanics interactive environments compared with free corrosion conditions. On the one hand, a large number of cracks appeared. On the other hand, Ca/Mg phosphates, as corrosion products, increased obviously. Moreover, compared to intermittent pressure corrosion, deeper cracks and more corrosion products could be obtained under variable pressure corrosion. This was because longer and continuous chemistry-mechanics interactive environments promoted the corrosion/degradation of surface metals and accelerated the formation of Ca/Mg phosphates. It could be speculated that both the cracks and the Ca/Mg phosphates were generated for bone implants when the body moved. This possible creation of cracks was not observed under the free corrosion conditions. Its perniciousness should be noted. Furthermore, the formation of Ca/Mg phosphates is favorable for generating hydroxyapatites, which may improve the biocompatibility, while the creation of cracks tends to decrease the service life of the implants. Thus, the balance of the two aspects is of great importance and needs detailed studying in future works.
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two aspects is of great importance and needs detailed studying in future works. Figure 5b displays the composition of the microspheres, including Mg, O, Fe, Cl, P, and Ca. Thereinto, Cl and P came from the SBF solution, while Fe was from the experimental container in which the materials were placed. The Ca/P atom ratio was approximately equal to 1.0, demonstrating that calcium phosphates were possibly generated. Moreover, the previously disregarded introduction of Fe greatly affected the morphology of calcium phosphates. Such a phenomenon was also reported in a previous work [30] . These results provided a new idea for the morphological control of calcium phosphates in the future. It was found that the spherical structure with large surface area was an ideal structure for bone adhesives. When the spherical bone adhesives were evenly distributed, the migration of bone cells and the Figure 5b displays the composition of the microspheres, including Mg, O, Fe, Cl, P, and Ca. Thereinto, Cl and P came from the SBF solution, while Fe was from the experimental container in which the materials were placed. The Ca/P atom ratio was approximately equal to 1.0, demonstrating that calcium phosphates were possibly generated. Moreover, the previously disregarded introduction of Fe greatly affected the morphology of calcium phosphates. Such a phenomenon was also reported in a previous work [30] . These results provided a new idea for the morphological control of calcium phosphates in the future. It was found that the spherical structure with large surface area was an ideal structure for bone adhesives. When the spherical bone adhesives were evenly distributed, the migration of bone cells and the growth of extracellular matrix could be promoted by the vacancy among spherical particles. Therefore, the controlled synthesis of spherical calcium phosphates on the surface of Mg alloys is worthy of study in the future. Figure 5c reflects FTIR results of Sample 8. The absorption peaks of the spectra located at 570 and 1010 cm −1 could be assigned to the phosphate group [14] the spectra located at 570 and 1010 cm −1 could be assigned to the phosphate group [14] , which was created from the following reactions [31,32] and further confirmed the formation of Ca/Mg phosphates.
Mg + 2H2O → Mg 2+ + 2OH − + H2
Mg 2+ (or Ca 2+ ) + OH − + HPO4 2− + (n − 1) H2O → Mg(or Ca)x·(PO4)y·nH2O (2) Figure 6 shows the mechanical properties of the experimental samples. It can be seen in Figure  6a that the compressive strength of the original Mg-Zn-Ca amorphous alloy was 589.8 MPa. Figure 6e , the data conformed to the linear rule. That is to say, under a certain pressure, the compressive strength decreased linearly with the increase of corrosion time in the interactive experiment. It can be further predicted that when the corrosion time is extended to about 6.2 h, the amorphous alloy will be broken and the compressive strength will approach zero. When the corrosion time was set at 3 h (Figure 6c ), the compressive strength decreased from 513.9 MPa to 305.4 MPa with the pressure increased from 30 MPa to 150 MPa. Polynomial fitting was performed on the data. It can be seen from Figure 6f that the compressive strength reduced gradually with the increasing pressure. It can also be predicted that when the pressure is enhanced to about 260 MPa, the amorphous alloy will be broken and the compressive strength will tend toward zero. Figure 6d presents the compression test curves of amorphous alloys under free corrosion, intermittent pressure corrosion, and variable pressure corrosion conditions for 5 h. It can be seen that the compressive strength of the sample after free corrosion was the highest, which reached 428.1 MPa. The sample corroded under variable pressure had the lowest compressive strength (349.4 MPa). It was found that the compressive strength of the amorphous alloys decreased seriously in the interactive experiment but could still reach an acceptable value to avoid material failure. The value approximately equaled the highest compressive strength of Figure 6e , the data conformed to the linear rule. That is to say, under a certain pressure, the compressive strength decreased linearly with the increase of corrosion time in the interactive experiment. It can be further predicted that when the corrosion time is extended to about 6.2 h, the amorphous alloy will be broken and the compressive strength will approach zero. When the corrosion time was set at 3 h (Figure 6c ), the compressive strength decreased from 513.9 MPa to 305.4 MPa with the pressure increased from 30 MPa to 150 MPa. Polynomial fitting was performed on the data. It can be seen from Figure 6f that the compressive strength reduced gradually with the increasing pressure. It can also be predicted that when the pressure is enhanced to about 260 MPa, the amorphous alloy will be broken and the compressive strength will tend toward zero. Figure 6d presents the compression test curves of amorphous alloys under free corrosion, intermittent pressure corrosion, and variable pressure corrosion conditions for 5 h. It can be seen that the compressive strength of the sample after free corrosion was the highest, which reached 428.1 MPa. The sample corroded under variable pressure had the lowest compressive strength (349.4 MPa). It was found that the compressive strength of the amorphous alloys decreased seriously in the interactive experiment but could still reach an acceptable value to avoid material failure. The value approximately equaled the highest compressive strength of conventional extruded Mg alloys, showing a great superiority of amorphous alloys in compressive strength compared to crystalline Mg alloys under corrosion environments. Figures 7 and 8 present fracture morphologies of experimental amorphous alloys after different treatments. Figure 7a reflects the fracture morphology of the original Mg-Zn-Ca amorphous alloy. A mass of herringbone patterns and local vein-like patterns could easily be found, which illustrated that brittle fracture was the main fracture form in the original alloy, accompanied by local plastic deformation. The fracture morphologies of amorphous alloys after different constant pressure corrosion are shown in Figure 7b -f. Although the amorphous alloys were treated under different pressures matched with diverse corrosion time, fan-shaped patterns, clear cracks, and shear bands could be seen on all the fractures. These results showed that brittle fracture was the main fracture form for the samples treated with constant pressure corrosion. Figure 8 shows fracture morphologies of amorphous alloys after free corrosion, intermittent pressure corrosion, and variable pressure corrosion. Obvious fan-shaped patterns, cracks, and shear bands could also be found easily. It can be seen that the fracture patterns of the samples did not change significantly by free corrosion or by interactive environment corrosion. It should be noted that although 5 h of variable pressure corrosion treatment was carried out, a vein-like pattern could still be found in local areas of Sample 8, indicating that the alloy still contained plastic deformation locally. This was the reason why the alloy could maintain more than 300 MPa of compressive strength after being subjected to variable pressure corrosion.
In this paper, we designed and performed experiments under different chemistry-mechanics interactive environments to imitate the real situation of bone implants. It should be noted that, although this is the first paper related to interactive experiments in this research field, there are some differences between interactive environments in this paper and in real service environments, which needs improving in future works. First, some extremely high pressure conditions were adopted in the paper to speed up the experimental process; a more reasonable setting and adjustment on the interactive environments should be performed in the future. Second, the paper provided uniaxial compression onto samples, but the sample in real service environment suffered stress coming from different directions, including pressure, tension, and even torsion, thus the construction of a more complex service environment must be carried out in the future. Third, the work was carried out in simulated body fluids-not in real animals-which may have caused different reactions and product morphologies. In conclusion, the interactive experiments under Figures 7 and 8 present fracture morphologies of experimental amorphous alloys after different treatments. Figure 7a reflects the fracture morphology of the original Mg-Zn-Ca amorphous alloy. A mass of herringbone patterns and local vein-like patterns could easily be found, which illustrated that brittle fracture was the main fracture form in the original alloy, accompanied by local plastic deformation. The fracture morphologies of amorphous alloys after different constant pressure corrosion are shown in Figure 7b -f. Although the amorphous alloys were treated under different pressures matched with diverse corrosion time, fan-shaped patterns, clear cracks, and shear bands could be seen on all the fractures. These results showed that brittle fracture was the main fracture form for the samples treated with constant pressure corrosion. Figure 8 shows fracture morphologies of amorphous alloys after free corrosion, intermittent pressure corrosion, and variable pressure corrosion. Obvious fan-shaped patterns, cracks, and shear bands could also be found easily. It can be seen that the fracture patterns of the samples did not change significantly by free corrosion or by interactive environment corrosion. It should be noted that although 5 h of variable pressure corrosion treatment was carried out, a vein-like pattern could still be found in local areas of Sample 8, indicating that the alloy still contained plastic deformation locally. This was the reason why the alloy could maintain more than 300 MPa of compressive strength after being subjected to variable pressure corrosion.
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Conclusions
Surface morphologies and mechanical properties of Mg-Zn-Ca amorphous alloys under different chemistry-mechanics interactive environments were studied in this paper. It was found that cracks and Ca/Mg phosphates formed on the surface of amorphous alloys under different interactive environments. With the increase in corrosion time (constant pressure) or pressure (constant time), the cracks spread and deepened gradually. The compressive strength of the alloys more real service environments need to be designed and studied in further detail. A lot of related works are worthy of being carried out in the future. 
Surface morphologies and mechanical properties of Mg-Zn-Ca amorphous alloys under different chemistry-mechanics interactive environments were studied in this paper. It was found that cracks and Ca/Mg phosphates formed on the surface of amorphous alloys under different interactive environments. With the increase in corrosion time (constant pressure) or pressure (constant time), the cracks spread and deepened gradually. The compressive strength of the alloys In this paper, we designed and performed experiments under different chemistry-mechanics interactive environments to imitate the real situation of bone implants. It should be noted that, although this is the first paper related to interactive experiments in this research field, there are some differences between interactive environments in this paper and in real service environments, which needs improving in future works. First, some extremely high pressure conditions were adopted in the paper to speed up the experimental process; a more reasonable setting and adjustment on the interactive environments should be performed in the future. Second, the paper provided uniaxial compression onto samples, but the sample in real service environment suffered stress coming from different directions, including pressure, tension, and even torsion, thus the construction of a more complex service environment must be carried out in the future. Third, the work was carried out in simulated body fluids-not in real animals-which may have caused different reactions and product morphologies. In conclusion, the interactive experiments under more real service environments need to be designed and studied in further detail. A lot of related works are worthy of being carried out in the future.
Surface morphologies and mechanical properties of Mg-Zn-Ca amorphous alloys under different chemistry-mechanics interactive environments were studied in this paper. It was found that cracks and Ca/Mg phosphates formed on the surface of amorphous alloys under different interactive environments. With the increase in corrosion time (constant pressure) or pressure (constant time), the cracks spread and deepened gradually. The compressive strength of the alloys decreased seriously in the interactive experiment but could still reach an acceptable value to avoid material failure. Fan-shaped patterns could be found on all the samples, indicating that brittle fracture was the main fracture form. Moreover, vein-like patterns could still be found in some areas, showing a locally plastic deformation. This was the reason why the alloy could maintain a high compressive strength after severe and interactive treatments. We showed the first paper performing an interactive experiment on potential bone implant materials. It is of referential significance in the design of related experiments. In addition, the interactive experiments under more real service environments need to be designed and studied in further detail in future works.
